We describe an optical beam deflection technique for measurements of the thermal diffusivity of fluid mixtures and suspensions of nanoparticles with a precision of better than 1%. Our approach is tested using the thermal conductivity of ethanol-water mixtures; in nearly pure ethanol, the increase in thermal conductivity with water concentration is a factor of 2 larger than predicted by effective medium theory. Solutions of C 60 -C 70 fullerenes in toluene and suspensions of alkanethiolate-protected Au nanoparticles were measured to maximum volume fractions of 0.6% and 0.35 vol %, respectively. We do not observe anomalous enhancements of the thermal conductivity that have been reported in previous studies of nanofluids; the largest increase in thermal conductivity we have observed is 1.3% ± 0.8% for 4 nm diam Au particles suspended in ethanol.
I. INTRODUCTION
Nanofluids are fluid suspensions of solid nanoparticles or nanofibers with particle sizes Ͻ100 nm. These fluid composites have attracted much attention since anomalously large enhancements in thermal conductivities were reported in 2001.
1,2 In addition to enhanced thermal conductivities, other desirable heat transfer properties have also been reported: for example, nanofluids with temperature-dependent thermal conductivities, 3 increased critical heat fluxes in boiling heat transfer, [4] [5] [6] [7] and increased heat transfer in forced convection. 8, 9 A vast majority of the experimental work on the thermal properties of nanofluids has focused on the thermal conductivity.
1, 3, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Typically, thermal conductivities of nanofluids are measured with the transient hot-wire method.
1, [12] [13] [14] [15] [16] [17] [18] [19] [20] Parallel plate geometries have been used less frequently. 3, 10, 11 Large enhancements in the thermal conductivity of nanofluids containing spherical particles, or strong temperature dependence of the thermal conductivity, cannot be explained by effective medium theory. As a result, within the last few years, several theoretical models have been proposed. 10, [23] [24] [25] [26] [27] [28] [29] [30] [31] Some of these models have focused on the Brownian motion of nanoparticles as a basis for explaining the anomalous thermal conductivities. 10, 23, 24 Others have noted, however, that the time scales for Brownian motion of the particles are far too slow to explain such a large enhancement in thermal conductivity. 32 Unfortunately, the investigations of the properties of nanofluids have reached the awkward situation of having a greater number of competing theoretical models than systematic experimental results.
To help address this situation, we have studied the thermal conductivity of well-characterized and stable suspensions of fullerence molecules and alkanethiolate-protected Au nanoparticles. Our experimental technique is accurate, precise, and relatively immune to errors created by radiative heat transfer or heat transfer by convection.
II. EXPERIMENTAL DETAILS

A. Materials and preparation of nanofluid suspensions
The nanofluids used in this work consisted of mixtures of C 60 -C 70 fullerence in toluene and alkanethiolatestabilized Au nanoparticles in ethanol and toluene. Additional experiments were conducted with water/ethanol mixtures and dyes of indigo carmine in deionized water. The Au nanoparticles in ethanol were functionalized with 11-mercapto-1-undecanol ͑MUD͒ and have a Au core diameter of d Ϸ 4 nm. The Au nanoparticles in toluene were functionalized with dodecanethiol and have a Au core diameter of d Ϸ 2 nm. The diameters of the Au nanoparticles were measured by transmission electron microscopy ͑TEM͒. All of our Au-based nanofluids were prepared in wt % by first drying the synthesized nanofluids to a waxy solid and then diluting with ethanol or toluene on a digital balance. In this work, we refer to the Au nanoparticles in ethanol and toluene as Au-MUD and Au-C 12 , respectively.
The 4 nm Au-MUD nanoparticles in ethanol were made using a one-phase synthesis. The synthesis procedure is similar to that described in Ref. 33 . Under vigorous stirring at room temperature, 2 mmol of MUD was added to a 2 mmol solution of hydrogen tetrachloroaurate ͑HAuCl 4 ͒ in 10 ml of anhydrous tetrahydrofuran ͑THF͒. After stirring for Ϸ20 min, a 1M solution of lithium triethylborohydride in THF was then added dropwise until the evolution of gas could no longer be observed. The particles were cleaned by first centrifuging in THF ͑three times-discarding the supernatant͒ and then dialyzing in ethanol. After cleaning, the suspension was allowed to aggregate for several weeks and then the sediment was discarded.
The 2 nm Au-C 12 nanoparticles in toluene were made using a two-phase synthesis. Our synthesis procedure followed Ref. 34 ; the ratio of dodecanethiol to Au was 3:1.
The concentrations of our nanoparticle suspensions were determined most directly in wt %; conversion to vol % requires consideration of the mass density of the particles. For a dilute suspension, the conversion from wt % f p to vol % p is simply p Ϸ͑ f / p ͒f p , where f is the density of the base fluid and p is the density of the nanoparticles.
We assume a density of p Ϸ 1.7 g cm −3 for the C 60 -C 70 fullerenes and use f = 0.867 g cm −3 for the density of toluene. The alkanethiolate-protected Au nanoparticles are, however, core-shell particles, so p was calculated based upon the diameter of the Au core d Au , the thickness of the alkanethiolate shell l, and the mass ratio of the shell to the Au core x = m shell / m Au . We estimate p Ϸ 5.39 g cm −3 for the Au-MUD particles, where d Au = 4 nm, l = 1.2 nm, and x =1/7. Similarly, p Ϸ 2.42 g cm −3 for the Au-C 12 particles, where d Au = 2 nm, l = 1.2 nm, and x =1/3. The shell thicknesses and shell/core mass ratios are from Refs. 35 and 36. The volume fraction of the Au core was then estimated as Au = g p , where g is the ratio of the Au core volume to the total particle volume.
B. Measurement technique and raw data
To measure the thermal conductivity, we used a micronscale beam deflection technique we developed for measurements of the Soret coefficient of fluids. 37 The approach is based upon the deflection of a laser beam created by a gradient in the index of refraction in the fluid. The index of refraction gradient is created by alternately heating a pair of parallel Au thin-film lines fabricated by photolithography on a fused silica ͑FS͒ substrate. The Au line heaters are in direct contact with both the fluid and the FS substrate in a sealed fluid cell possessing a cylindrical geometry ͑see Sec. II in Ref. 37͒. The line heaters are separated by 50 m and have a width of 6 m. We mount the fluid cell on a two axis tilt stage and heat from above. The laser beam first passes between the metal line heaters on the FS substrate and then through the fluid under study. The periodic beam deflections existing the fluid cell are measured with a position-sensitive detector and lock-in amplifier. Following each experiment the fluid cell is dismantled, cleaned, and dried with nitrogen gas.
We note that the particles of unstable nanofluids flocculate and form agglomerates on the metal line heaters, exit window, and FS substrate; in result, the intensity of the laser beam existing the cell is decreased when passed through such clustered regions. To ensure that data for only uniform dispersions are reported, we monitor the intensity of the laser beam existing the cell and discard suspensions that show changes in stability and homogeneity. Figure 1 shows an example of our raw data for the beam deflections as a function of modulation frequency with comparisons to the analytical model for the beam deflection. 37 In Fig. 1 , all model parameters are determined by independent measurements or are taken from literature; i.e., the heater dimensions, thermal properties, and optical properties of the FS heater substrate were verified independently, 38 and the heat capacity ͑C p = 1.913 J cm −3 K −1 ͒, thermo-optic coefficient ͑dn / dT = 4.07ϫ 10 −4 K −1 ͒, and thermal conductivity ͑⌳ = 1.635 mW cm −1 K −1 ͒ of ethanol were taken from Refs. 39-41, respectively.
With respect to our previous studies, 37, 42 one new parameter was added to our analytical model to correct for the finite size of the focal spot of the laser beam w 0 . In short, a factor of exp͓−͑kw 0 /2͒ 2 ͔ was included in the integrand of Eq. ͑9͒ of Ref. 37 to create a Gaussian-weighted average of the beam deflection over a region of width w 0 . Treating w 0 as a fitting parameter gives w 0 = 7.5 m, see Fig. 1 . The diffraction-limited beam waist we calculate from the diameter of the laser beam and the focal lengths of the lenses is w 0 = 10.1 m which is close to the value of w 0 derived from the fit to the beam deflection data. For all subsequent data analysis, the parameter w 0 was fixed at w 0 = 7.5 m.
To determine the thermal conductivity, we analyze the phase of the beam deflection at heating frequency f = 33.09 Hz chosen to maximize the sensitivity of our measurement to the thermal diffusivity of the fluid while minimizing systematic errors introduced by thermodiffusion at lower frequency or the beam position at higher frequencies. Figure 1͑b͒ is a plot of the ratio of the in-phase and out-ofphase components of the beam deflection as a function of heater frequency. In a typical experiment, the phase of the beam deflection at f = 33.09 Hz is recorded once every few minutes and averaged over an Ϸ20 min interval.
C. Water/ethanol mixtures
Experiments were conducted with water/ethanol mixtures to verify the accuracy and demonstrate the precision of our measurements, see Fig. 2 . We measure ⌳ EtOH = 1.609 ± 0.011 mW cm −1 K −1 for pure ethanol at T Ϸ 25°C, where Lei et al. report ⌳ EtOH = 1.635 mW cm −1 K −1 at T Ϸ 20°C. This difference is consistent with the fact that the thermal conductivity of ethanol decreases with increasing temperature. 43 Interestingly, low concentrations of water have a much larger effect on the thermal conductivity of ethanol-rich mixtures than predicted by effective medium theory. For example, a 2 vol % concentration of water increases the thermal conductivity of ethanol by Ϸ6% while the prediction of the symmetric effective medium theory is an increase of only Ϸ3%, half of the measured value.
D. Indigo-carmine dyes in water
Because our nanofluids of Au nanoparticles and C 60 -C 70 fullerenes absorb light at the wavelength ͑ = 633 nm͒ of the He-Ne laser used in the measurements, we conducted experiments with dyes of indigo carmine in aqueous solution to verify the accuracy of our measurements of optically absorbing fluids. Within the precision of our experiments, we did not observe changes in the thermal conductivity ⌳ of water containing indigo carmine. At 25°C, ⌳ = 6.15± 0.11, and 6.08± 0.06 and 6.19± 0.06 mW cm −1 K −1 , for pure water and dye concentrations of f Ϸ 0.14 wt % and f Ϸ 0.03 wt %, respectively. At f Ϸ 0.14 wt %, the intensity of the laser existing the sample cell was reduced by Ϸ80%, twice the attenuation measured in our experiments with Au and fullerence nanofluids at their highest particle loadings.
E. Effects of thermodiffusion
In liquid mixtures and particle suspensions, temperature gradients also produce gradients in the index of refraction due to mass transport driven by the temperature gradients, i.e., due to thermodiffusion or the Soret effect. 42 As expected at low heating frequencies, f Ͻ D c / ͑a 2 ͒ Hz, we observe concentration gradients in the water/ethanol mixtures due to thermodiffusion, where D c Ϸ 1 ϫ 10 −5 cm 2 s −1 is the diffusion coefficient of water in ethanol, 2a Ϸ 50 m is the line-heater separation, and 1 / f is the time required for water to diffuse half the distance between the metal heaters. This corresponds to low frequencies f Ͻ 0.5 Hz and, therefore, the influence on our analysis of the beam deflection data at f = 33.09 Hz is small and less than the other systematic errors in our experiment. Nevertheless, we accounted for thermodiffusion in our analysis of ⌳ for water/ ethanol mixtures using dn / dT, cdn / dc, D c , and thermodiffusion coefficients published previously. 40 Our independent measurements of the thermodiffusion and diffusion constants of a 5 vol % water/ethanol mixture are within 15% of the prior results. 40 We did not observe the effects of thermodiffusion in our suspensions of C 60 -C 70 fullerenes or alkanethiolateprotected Au nanoparticles. This is reasonable considering that our nanofluids are relatively dilute and the sensitivity of our experiments to thermodiffusion scales with the product of the particle concentration, the Soret coefficient, and the change in the index of refraction with particle concentration. 37 We estimate an upper bound on the magnitude of the Soret coefficient at ͉S T ͉ Ͻ 0.01 K −1 for the fullerence suspensions and ͉S T ͉ Ͻ 0.1 K −1 for the Au-based nanofluids.
F. Effects of radiative and convective heat transfer
Our technique is relatively immune to errors created by radiation and convection. As stated in Sec. II B, our micronscale beam deflection apparatus was developed to measure the Soret coefficients of liquid mixtures and nanoparticle suspensions. Therefore, our ability to reliably produce steady-state concentration gradients in our previous work supports the absence of convective flows. 37, 42 In regard to radiation, the small geometry of our line heaters supports that even with measurements at unrealistic temperatures of 1000 K the errors due to radiative heat losses by the metal heaters are less than 0.3%, see Sec. II in Ref. 44 .
G. Characterization of Au suspensions by UV-vis spectroscopy
UV-vis spectroscopy was used to measure the absorption spectra in the vicinity of the surface plasmon absorbance, see Fig. 3 . For monodisperse core-shell metal nanoparticles with radii much less than the wavelength of the incoming light, r Ӷ, the absorption coefficient of the suspension can be approximated as 
where n is the index of refraction of the fluid, Au is the volume fraction of Au, g is the ratio of the Au core volume to the total core-shell particle volume, ⑀ Au is the complex dielectric function of bulk Au, ⑀ s is the dielectric function of the alkanethiolate shell, and Im represents the imaginary part of the complex expression within the brackets. 45 For g = 1 the shell thickness is zero and Eq. ͑1͒ reduces to the form of an uncoated sphere ͓see Eq. ͑5͒ in Ref. 45͔ . As mentioned in Sec. II A, we assume an alkanethiolate shell thickness of 1.2 nm; therefore, g Ϸ 0.244 for the 4 nm Au-MUD nanoparticles in ethanol and g Ϸ 0.094 for the 2 nm Au-C 12 nanoparticles in toluene.
To check the concentration of Au in our nanofluids, we compare our measured UV-vis data with the predictions of Eq. ͑1͒ at = 440 nm. We evaluate Eq. ͑1͒ using the dielectric data of bulk Au from Ref. 46 ͑⑀ Au = −1.725+ i5.47 at = 440 nm͒ and the dielectric constant of dodecanethiol for the shell ͓⑀ s Ϸ͑1.46͒
2 , see Ref. 47͔. Our choice of analysis at = 440 nm is because the influence of particle size on the absorption spectra is minimized at wavelengths below the surface plasmon absorption band, see, for example, Fig. 2 Figure 4 shows our data for the relative changes in the thermal conductivity of nanofluids as a function of nanoparticle loading in wt % f p . For each nanofluid, the thermal conductivity of the base fluid ͑⌳ 0 ͒ was measured independently at the same temperature as the nanofluid; the measurement temperature is approximately constant for each set of data, but because our sample cell is not temperature controlled, the temperatures of measurements for each set of samples vary with the temperature of our laboratory between 25 and 28°C.
III. RESULTS FOR NANOFLUIDS
The same data are replotted in Figs. 5 and 6 with a change in the scaling of the x axis; in Fig. 5 , the x axis is the volume fraction of the nanoparticle core core and in Fig. 6 , the x axis is the combined volume fraction of the nanoparticle core and the nanoparticle shell p . ͑For the fullerenes in toluene p Ϸ core Ϸ 0.51f p , for the 2 nm Au-C 12 nanopar- The data are also compared to the upper and lower limits of the predictions of effective medium theory 49, 50 for spherical particles. With the exception of the Au-MUD and Au-C 12 data at core Ϸ 0.02 vol %, all measurements are consistent with a thermal conductivity that is independent of particle loading, in agreement with the predictions of effective medium theory at low values of the particle loading.
IV. CONCLUSIONS
We do not observe a significant enhancement in the thermal conductivity of fluids that are loaded by small volume fractions of nanoparticles. Within the context of effective medium theory, these findings are expected: effective medium theory predicts that the largest possible increase in the thermal conductivity of a fluid loaded by a volume fraction Ӷ 1 of spherical particles will be 3⌳ 0 . Our experimental results are, however, in direct conflict with the anomalous results of Ref. 15 and recent theoretical models 10, 23 that attempt to explain the anomalous experimental results.
1,15
Since we have not been able to synthesize and study welldispersed nanoparticle suspensions with concentrations greater than reported here, we cannot exclude the possibility that higher loadings of nanoparticles Ͼ 0.01 ͑1 vol % ͒ could enhance the thermal conductivity of fluids to an extent significantly larger than the prediction of effective medium theory. Relative changes in the thermal conductivity of nanofluids as a function of the volume fraction of the entire particle. ͑For fullerene molecules, the volume fraction of the core and the volume fraction of the entire particle are the same.͒ In the conversion to p from the measured particle concentrations in wt % ͑f p ͒, an alkanethiol shell thickness of l Ϸ 1.2 nm was used for both the 2 nm was used for both the 2 nm Au-C 12 nanoparticles in toluene and the 4 nm Au-MUD nanoparticles in ethanol ͑see Sec. II A͒. The dashed lines are the predictions of effective medium theory for nanofluids containing highly thermally conductive nanoparticles ͑upper͒ and thermally insulating nanoparticles ͑lower͒.
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